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ν Ṽ µν +
λ̃V

M2
W

W ν+
µ W−ρ

ν Ṽ µ
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Effective Lagrangian

• SM fields only (Higgs 
field included)

• Invariant under the 
SM symmetries

the low-energy effects of new physics at a yet higher scale. Thus the effective
field theory approach is adaptable as we discover new heavy particles.

3. Dimension-Six Operators

There are many dimension-six operators, but only a few of them affect
any given physical process [18]. Thus, by making a variety of measurements,
one can measure or constrain many of the coefficients of these operators. The
number of independent B- and L-conserving dimension-six operators is 59
for one generation of quarks and leptons [25].

Electroweak vector boson pair production involves the coupling of the
electroweak vector bosons to fermions and to each other. The coupling of
the electroweak vector bosons to fermions is generally constrained by other
processes, so it is reasonable to focus on the electroweak vector boson self
interactions when considering the contribution of dimension-six operators
to electroweak vector boson pair production. Assuming C and P conser-
vation, there are just three independent dimension-six operators that affect
the electroweak vector boson self interactions [9]. There is some flexibility
in which three operators are chosen. We follow Ref. [9] and chose the three
independent C and P conserving operators to be

OWWW = Tr[WµνW
νρW µ

ρ ] (2)

OW = (DµΦ)†W µν(DνΦ) (3)

OB = (DµΦ)†Bµν(DνΦ) (4)

where Φ is the Higgs doublet field and

Dµ = ∂µ +
i

2
gτ IW I

µ +
i

2
g′Bµ (5)

Wµν =
i

2
gτ I(∂µW

I
ν − ∂νW

I
µ + gεIJKW J

µ W K
ν ) (6)

Bµν =
i

2
g′(∂µBν − ∂νBµ) (7)

This is a good choice of operators as they are constrained only by electroweak
vector boson pair production [26].

There is no reason to believe that C and P are conserved by the dimension-
six operators, unless the physics beyond the standard model respects these
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1 Introduction

There are many reasons to expect new physics beyond the

Standard Model (SM). The Higgs boson mass corrections

depend quadratically on the cut-off of the theory and claim

for new physics near the weak scale. The absence of a dark

matter candidate or the lack of an explanation for the dark

energy are other examples. If the SM is unlikely the fi-

nal theory, its good agreement with the experimental data

suggests that it is nevertheless a good approximation at the

energies that have been probed so far. Consequently, any

new model should reduce to the SM in this low energy

limit. Nonetheless, the amount of BSM models satisfy-

ing this requirement is large and encourages model inde-

pendent searches. Additionally, they allow to quantify the

space left for new physics if no deviation from the SM is

found. Model independent searches are based on simple

assumptions valid for large classes of models. For exam-

ple, the search for new resonance relies on the assumption

that the new physics appears as the exchange of a single

new particle. In the following, we will rather assume that

the new physics is too heavy to be produced directly by the

experiments but rather shows up as new interactions be-

tween the known particles. Therefore, those effects can be

described by an effective Lagrangian [1, 2]. Effective field

theories (EFT) will be introduced in section 2 and applied

to electroweak gauge bosons productions in sections 3 and

4.

2 Effective Field Theories

An effective Lagrangian is built from the low energy de-

grees of freedom only, the SM fields including the Higgs

boson in our case. As supported by the data, the operators

should also preserve the SU(3)c ⊗ SU(2)L ⊗ U(1)Y sym-

metries as well as the baryon and lepton symmetries. Only

even dimension operators can be built with those condi-

tions [3]. All the operators with dimension equal to two

ae-mail: cdegrand@illinois.edu

or four constitute the SM Lagrangian1 while the higher

dimension operators are suppressed by the new scale and

induce new interactions,

L = LS M +

∞
∑

d=6

∑

i

ci

Λd−4
Od
i
, (1)

where d is the dimension of the operators Od
i
, Λ is the

new scale and ci are coefficients that can be derived from

the complete theory including the heavy degrees of free-

dom. Far from the new physics scale, the Lagrangian (1)

reduces to the SM one as required. As the energy probed

gets closer to the new physics scale, interactions from the

dimension-six operators become relevant. However, the

theory is predictive even if their coefficients are kept as

free parameters to be model independent because this set

of operators is finite. Finally, all the operators have large

effects at or above the new physics scale and the effective

theory is no longer useful. Consequently, the EFT is only

valid below the new scale.

59 dimension-six operators can be built out of the SM

fields for only one generation of fermion [4–9]. Despite

that this number increases significantly if three flavors are

considered, the effective extension of the SM is predictive

and only a few operators contribute to a particular pro-

cess [4, 10]. Usually, the different operators can be distin-

guished because they do not affect the same observables

and/or contribute to several processes as it will be illus-

trated in sections 3.5 and 4. As a matter of fact, most

of the operators induce several vertices and contribute to

more than one amplitude due to gauge symmetries. Gauge

symmetries also cause EFT to be more predictive than the

alternative anomalous couplings approach [11]. In fact,

anomalous couplings are based only on Lorentz invari-

ance. While electromagnetic gauge invariance is often im-

posed afterwards to reduce the number of parameters, the

SU(2)L symmetry is ignored. As there is no high scale

1The only missing operator induces CP violation by the strong inter-

action.
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should also preserve the SU(3)c ⊗ SU(2)L ⊗ U(1)Y sym-

metries as well as the baryon and lepton symmetries. Only

even dimension operators can be built with those condi-

tions [3]. All the operators with dimension equal to two
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or four constitute the SM Lagrangian1 while the higher

dimension operators are suppressed by the new scale and

induce new interactions,

L = LS M +

∞
∑

d=6

∑

i

ci

Λd−4
Od
i
, (1)

where d is the dimension of the operators Od
i
, Λ is the

new scale and ci are coefficients that can be derived from

the complete theory including the heavy degrees of free-

dom. Far from the new physics scale, the Lagrangian (1)

reduces to the SM one as required. As the energy probed

gets closer to the new physics scale, interactions from the

dimension-six operators become relevant. However, the

theory is predictive even if their coefficients are kept as

free parameters to be model independent because this set

of operators is finite. Finally, all the operators have large

effects at or above the new physics scale and the effective

theory is no longer useful. Consequently, the EFT is only

valid below the new scale.

59 dimension-six operators can be built out of the SM

fields for only one generation of fermion [4–9]. Despite

that this number increases significantly if three flavors are

considered, the effective extension of the SM is predictive

and only a few operators contribute to a particular pro-

cess [4, 10]. Usually, the different operators can be distin-

guished because they do not affect the same observables

and/or contribute to several processes as it will be illus-

trated in sections 3.5 and 4. As a matter of fact, most

of the operators induce several vertices and contribute to

more than one amplitude due to gauge symmetries. Gauge

symmetries also cause EFT to be more predictive than the

alternative anomalous couplings approach [11]. In fact,

anomalous couplings are based only on Lorentz invari-

ance. While electromagnetic gauge invariance is often im-

posed afterwards to reduce the number of parameters, the

SU(2)L symmetry is ignored. As there is no high scale

1The only missing operator induces CP violation by the strong inter-

action.
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the low-energy effects of new physics at a yet higher scale. Thus the effective
field theory approach is adaptable as we discover new heavy particles.

3. Dimension-Six Operators

There are many dimension-six operators, but only a few of them affect
any given physical process [18]. Thus, by making a variety of measurements,
one can measure or constrain many of the coefficients of these operators. The
number of independent B- and L-conserving dimension-six operators is 59
for one generation of quarks and leptons [25].

Electroweak vector boson pair production involves the coupling of the
electroweak vector bosons to fermions and to each other. The coupling of
the electroweak vector bosons to fermions is generally constrained by other
processes, so it is reasonable to focus on the electroweak vector boson self
interactions when considering the contribution of dimension-six operators
to electroweak vector boson pair production. Assuming C and P conser-
vation, there are just three independent dimension-six operators that affect
the electroweak vector boson self interactions [9]. There is some flexibility
in which three operators are chosen. We follow Ref. [9] and chose the three
independent C and P conserving operators to be

OWWW = Tr[WµνW
νρW µ

ρ ] (2)

OW = (DµΦ)†W µν(DνΦ) (3)

OB = (DµΦ)†Bµν(DνΦ) (4)

where Φ is the Higgs doublet field and

Dµ = ∂µ +
i

2
gτ IW I

µ +
i

2
g′Bµ (5)

Wµν =
i

2
gτ I(∂µW

I
ν − ∂νW

I
µ + gεIJKW J

µ W K
ν ) (6)

Bµν =
i

2
g′(∂µBν − ∂νBµ) (7)

This is a good choice of operators as they are constrained only by electroweak
vector boson pair production [26].

There is no reason to believe that C and P are conserved by the dimension-
six operators, unless the physics beyond the standard model respects these
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matter candidate or the lack of an explanation for the dark

energy are other examples. If the SM is unlikely the fi-

nal theory, its good agreement with the experimental data

suggests that it is nevertheless a good approximation at the

energies that have been probed so far. Consequently, any

new model should reduce to the SM in this low energy

limit. Nonetheless, the amount of BSM models satisfy-

ing this requirement is large and encourages model inde-

pendent searches. Additionally, they allow to quantify the

space left for new physics if no deviation from the SM is

found. Model independent searches are based on simple

assumptions valid for large classes of models. For exam-

ple, the search for new resonance relies on the assumption

that the new physics appears as the exchange of a single

new particle. In the following, we will rather assume that

the new physics is too heavy to be produced directly by the

experiments but rather shows up as new interactions be-

tween the known particles. Therefore, those effects can be

described by an effective Lagrangian [1, 2]. Effective field

theories (EFT) will be introduced in section 2 and applied

to electroweak gauge bosons productions in sections 3 and
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reduces to the SM one as required. As the energy probed

gets closer to the new physics scale, interactions from the

dimension-six operators become relevant. However, the

theory is predictive even if their coefficients are kept as

free parameters to be model independent because this set

of operators is finite. Finally, all the operators have large

effects at or above the new physics scale and the effective

theory is no longer useful. Consequently, the EFT is only

valid below the new scale.

59 dimension-six operators can be built out of the SM

fields for only one generation of fermion [4–9]. Despite

that this number increases significantly if three flavors are

considered, the effective extension of the SM is predictive

and only a few operators contribute to a particular pro-

cess [4, 10]. Usually, the different operators can be distin-

guished because they do not affect the same observables

and/or contribute to several processes as it will be illus-

trated in sections 3.5 and 4. As a matter of fact, most

of the operators induce several vertices and contribute to

more than one amplitude due to gauge symmetries. Gauge

symmetries also cause EFT to be more predictive than the

alternative anomalous couplings approach [11]. In fact,

anomalous couplings are based only on Lorentz invari-

ance. While electromagnetic gauge invariance is often im-

posed afterwards to reduce the number of parameters, the

SU(2)L symmetry is ignored. As there is no high scale

1The only missing operator induces CP violation by the strong inter-
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dimension operators are suppressed by the new scale and
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∞
∑

d=6

∑

i

ci

Λd−4
Od
i
, (1)
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new scale and ci are coefficients that can be derived from

the complete theory including the heavy degrees of free-

dom. Far from the new physics scale, the Lagrangian (1)

reduces to the SM one as required. As the energy probed

gets closer to the new physics scale, interactions from the

dimension-six operators become relevant. However, the

theory is predictive even if their coefficients are kept as

free parameters to be model independent because this set

of operators is finite. Finally, all the operators have large

effects at or above the new physics scale and the effective

theory is no longer useful. Consequently, the EFT is only

valid below the new scale.

59 dimension-six operators can be built out of the SM

fields for only one generation of fermion [4–9]. Despite

that this number increases significantly if three flavors are

considered, the effective extension of the SM is predictive

and only a few operators contribute to a particular pro-

cess [4, 10]. Usually, the different operators can be distin-

guished because they do not affect the same observables

and/or contribute to several processes as it will be illus-

trated in sections 3.5 and 4. As a matter of fact, most

of the operators induce several vertices and contribute to

more than one amplitude due to gauge symmetries. Gauge

symmetries also cause EFT to be more predictive than the

alternative anomalous couplings approach [11]. In fact,

anomalous couplings are based only on Lorentz invari-

ance. While electromagnetic gauge invariance is often im-

posed afterwards to reduce the number of parameters, the

SU(2)L symmetry is ignored. As there is no high scale

1The only missing operator induces CP violation by the strong inter-

action.
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the low-energy effects of new physics at a yet higher scale. Thus the effective
field theory approach is adaptable as we discover new heavy particles.

3. Dimension-Six Operators

There are many dimension-six operators, but only a few of them affect
any given physical process [18]. Thus, by making a variety of measurements,
one can measure or constrain many of the coefficients of these operators. The
number of independent B- and L-conserving dimension-six operators is 59
for one generation of quarks and leptons [25].

Electroweak vector boson pair production involves the coupling of the
electroweak vector bosons to fermions and to each other. The coupling of
the electroweak vector bosons to fermions is generally constrained by other
processes, so it is reasonable to focus on the electroweak vector boson self
interactions when considering the contribution of dimension-six operators
to electroweak vector boson pair production. Assuming C and P conser-
vation, there are just three independent dimension-six operators that affect
the electroweak vector boson self interactions [9]. There is some flexibility
in which three operators are chosen. We follow Ref. [9] and chose the three
independent C and P conserving operators to be

OWWW = Tr[WµνW
νρW µ

ρ ] (2)

OW = (DµΦ)†W µν(DνΦ) (3)

OB = (DµΦ)†Bµν(DνΦ) (4)

where Φ is the Higgs doublet field and

Dµ = ∂µ +
i

2
gτ IW I

µ +
i

2
g′Bµ (5)

Wµν =
i

2
gτ I(∂µW

I
ν − ∂νW

I
µ + gεIJKW J

µ W K
ν ) (6)

Bµν =
i

2
g′(∂µBν − ∂νBµ) (7)

This is a good choice of operators as they are constrained only by electroweak
vector boson pair production [26].

There is no reason to believe that C and P are conserved by the dimension-
six operators, unless the physics beyond the standard model respects these

6

symmetries. If we allow for C and/or P violation, there are two additional
operators, which we choose to be

OW̃WW = Tr[W̃µνW
νρW µ

ρ ] (8)

OW̃ = (DµΦ)†W̃ µν(DνΦ) (9)

Thus there are three C and P conserving dimension-six operators and two op-
erators that violate C and/or P . Together these five operators parameterize
the leading effect of physics beyond the standard model on the electroweak
vector boson self interactions.

4. Anomalous Couplings

Anomalous couplings of electroweak vector bosons are discussed in one
of two formalisms: a Lagrangian or a vertex function. Here we discuss these
two approaches and compare them with the effective field theory approach
discussed in the previous sections.

4.1. Lagrangian approach

The Lagrangian approach to anomalous couplings is based on the La-
grangian [6]

L = igWWV

(

gV
1 (W+

µνW
−µ − W+µW−

µν)V
ν + κV W+

µ W−
ν V µν +

λV

M2
W

W ν+
µ W−ρ

ν V µ
ρ

+igV
4 W+

µ W−
ν (∂µV ν + ∂νV µ) − igV

5 εµνρσ(W+
µ ∂ρW

−
ν − ∂ρW

+
µ W−

ν )Vσ

+κ̃V W+
µ W−

ν Ṽ µν +
λ̃V

m2
W

W ν+
µ W−ρ

ν Ṽ µ
ρ

)

(10)

where V = γ, Z; W±
µν = ∂µW±

ν − ∂νW±
µ , Vµν = ∂µVν − ∂νVµ, and the overall

coupling constants are defined as gWWγ = −e and gWWZ = −e cot θW . In
constructing this Lagrangian, the W bosons are constrained to be on shell and
the scalar components of the neutral gauge bosons are neglected [6]. These
are appropriate constraints for application of this Lagrangian to electroweak
vector boson pair production, so they do not imply a loss of generality. None
of these constraints need be imposed on the effective field theory, however;
it is valid for both real and virtual particles, and for all field components.

The first three terms of Eq. (10) respect C and P , and the remaining
four terms violate C and/or P . Electromagnetic gauge invariance implies

7
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CP odd operators
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the low-energy effects of new physics at a yet higher scale. Thus the effective
field theory approach is adaptable as we discover new heavy particles.
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the low-energy effects of new physics at a yet higher scale. Thus the effective
field theory approach is adaptable as we discover new heavy particles.
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There are many dimension-six operators, but only a few of them affect
any given physical process [18]. Thus, by making a variety of measurements,
one can measure or constrain many of the coefficients of these operators. The
number of independent B- and L-conserving dimension-six operators is 59
for one generation of quarks and leptons [25].
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vation, there are just three independent dimension-six operators that affect
the electroweak vector boson self interactions [9]. There is some flexibility
in which three operators are chosen. We follow Ref. [9] and chose the three
independent C and P conserving operators to be

OWWW = Tr[WµνW
νρW µ

ρ ] (2)

OW = (DµΦ)†W µν(DνΦ) (3)

OB = (DµΦ)†Bµν(DνΦ) (4)

where Φ is the Higgs doublet field and

Dµ = ∂µ +
i

2
gτ IW I

µ +
i

2
g′Bµ (5)

Wµν =
i

2
gτ I(∂µW

I
ν − ∂νW

I
µ + gεIJKW J

µ W K
ν ) (6)

Bµν =
i

2
g′(∂µBν − ∂νBµ) (7)

This is a good choice of operators as they are constrained only by electroweak
vector boson pair production [26].

There is no reason to believe that C and P are conserved by the dimension-
six operators, unless the physics beyond the standard model respects these

6

symmetries. If we allow for C and/or P violation, there are two additional
operators, which we choose to be

OW̃WW = Tr[W̃µνW
νρW µ

ρ ] (8)

OW̃ = (DµΦ)†W̃ µν(DνΦ) (9)

Thus there are three C and P conserving dimension-six operators and two op-
erators that violate C and/or P . Together these five operators parameterize
the leading effect of physics beyond the standard model on the electroweak
vector boson self interactions.

4. Anomalous Couplings

Anomalous couplings of electroweak vector bosons are discussed in one
of two formalisms: a Lagrangian or a vertex function. Here we discuss these
two approaches and compare them with the effective field theory approach
discussed in the previous sections.

4.1. Lagrangian approach

The Lagrangian approach to anomalous couplings is based on the La-
grangian [6]

L = igWWV

(

gV
1 (W+

µνW
−µ − W+µW−

µν)V
ν + κV W+

µ W−
ν V µν +

λV

M2
W

W ν+
µ W−ρ

ν V µ
ρ

+igV
4 W+

µ W−
ν (∂µV ν + ∂νV µ) − igV

5 εµνρσ(W+
µ ∂ρW

−
ν − ∂ρW

+
µ W−

ν )Vσ

+κ̃V W+
µ W−
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AC/EFT

the low-energy effects of new physics at a yet higher scale. Thus the effective
field theory approach is adaptable as we discover new heavy particles.

3. Dimension-Six Operators

There are many dimension-six operators, but only a few of them affect
any given physical process [18]. Thus, by making a variety of measurements,
one can measure or constrain many of the coefficients of these operators. The
number of independent B- and L-conserving dimension-six operators is 59
for one generation of quarks and leptons [25].

Electroweak vector boson pair production involves the coupling of the
electroweak vector bosons to fermions and to each other. The coupling of
the electroweak vector bosons to fermions is generally constrained by other
processes, so it is reasonable to focus on the electroweak vector boson self
interactions when considering the contribution of dimension-six operators
to electroweak vector boson pair production. Assuming C and P conser-
vation, there are just three independent dimension-six operators that affect
the electroweak vector boson self interactions [9]. There is some flexibility
in which three operators are chosen. We follow Ref. [9] and chose the three
independent C and P conserving operators to be

OWWW = Tr[WµνW
νρW µ

ρ ] (2)

OW = (DµΦ)†W µν(DνΦ) (3)

OB = (DµΦ)†Bµν(DνΦ) (4)

where Φ is the Higgs doublet field and

Dµ = ∂µ +
i

2
gτ IW I

µ +
i

2
g′Bµ (5)

Wµν =
i

2
gτ I(∂µW

I
ν − ∂νW

I
µ + gεIJKW J

µ W K
ν ) (6)

Bµν =
i

2
g′(∂µBν − ∂νBµ) (7)

This is a good choice of operators as they are constrained only by electroweak
vector boson pair production [26].

There is no reason to believe that C and P are conserved by the dimension-
six operators, unless the physics beyond the standard model respects these

6

symmetries. If we allow for C and/or P violation, there are two additional
operators, which we choose to be

OW̃WW = Tr[W̃µνW
νρW µ

ρ ] (8)

OW̃ = (DµΦ)†W̃ µν(DνΦ) (9)

Thus there are three C and P conserving dimension-six operators and two op-
erators that violate C and/or P . Together these five operators parameterize
the leading effect of physics beyond the standard model on the electroweak
vector boson self interactions.

4. Anomalous Couplings

Anomalous couplings of electroweak vector bosons are discussed in one
of two formalisms: a Lagrangian or a vertex function. Here we discuss these
two approaches and compare them with the effective field theory approach
discussed in the previous sections.

4.1. Lagrangian approach

The Lagrangian approach to anomalous couplings is based on the La-
grangian [6]

L = igWWV

(
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ρ

)

(10)

where V = γ, Z; W±
µν = ∂µW±

ν − ∂νW±
µ , Vµν = ∂µVν − ∂νVµ, and the overall

coupling constants are defined as gWWγ = −e and gWWZ = −e cot θW . In
constructing this Lagrangian, the W bosons are constrained to be on shell and
the scalar components of the neutral gauge bosons are neglected [6]. These
are appropriate constraints for application of this Lagrangian to electroweak
vector boson pair production, so they do not imply a loss of generality. None
of these constraints need be imposed on the effective field theory, however;
it is valid for both real and virtual particles, and for all field components.

The first three terms of Eq. (10) respect C and P , and the remaining
four terms violate C and/or P . Electromagnetic gauge invariance implies

7

CP even Operators

CP odd operators

5. Anomalous Couplings from Effective Field Theory

The effective field theory approach allows us to reframe some analyses
that have been performed using the anomalous coupling formalism. If the
anomalous couplings were taken to be constant Lagrangian parameters, then
we can reinterpret them as the coefficients of dimension six operators. By
reframing the results in terms of dimension six operators, all of the desirable
features of the effective field theory, listed in Section 2, remain intact.

When anomalous couplings are derived from an effective field theory it is
important to remember that they, like the underlying effective field theory,
are only valid below the scale of new physics, Λ. This is in stark contrast to
the original use of anomalous couplings, which were regarded as being valid
to arbitrarily high energy [3, 6].

The effective field theory approach described in the previous section allows
one to calculate the parameters gZ

1 , κγ, etc., in terms of the coefficients of the
five dimension-six operators. Calling these coefficients cWWW , cW , cB, cW̃WW , cW̃ ,
one finds [9, 13]

gZ
1 = 1 + cW
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Z

2Λ2
(12)
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2Λ2
(13)
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3g2m2
W

2Λ2
(15)
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κ̃γ = cW̃
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κ̃Z = −cW̃ tan2 θW
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(18)

λ̃γ = λ̃Z = cW̃WW
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W

2Λ2
(19)

Defining ∆gZ
1 = gZ

1 − 1, ∆κγ,Z = κγ,Z − 1, we find the relation [9]

∆gZ
1 = ∆κZ + tan2 θW ∆κγ (20)

This, together with the relation λγ = λZ , reduces the five C and P violating
parameters down to three. For the C and/or P violating parameters, we find
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the low-energy effects of new physics at a yet higher scale. Thus the effective
field theory approach is adaptable as we discover new heavy particles.

3. Dimension-Six Operators

There are many dimension-six operators, but only a few of them affect
any given physical process [18]. Thus, by making a variety of measurements,
one can measure or constrain many of the coefficients of these operators. The
number of independent B- and L-conserving dimension-six operators is 59
for one generation of quarks and leptons [25].

Electroweak vector boson pair production involves the coupling of the
electroweak vector bosons to fermions and to each other. The coupling of
the electroweak vector bosons to fermions is generally constrained by other
processes, so it is reasonable to focus on the electroweak vector boson self
interactions when considering the contribution of dimension-six operators
to electroweak vector boson pair production. Assuming C and P conser-
vation, there are just three independent dimension-six operators that affect
the electroweak vector boson self interactions [9]. There is some flexibility
in which three operators are chosen. We follow Ref. [9] and chose the three
independent C and P conserving operators to be

OWWW = Tr[WµνW
νρW µ

ρ ] (2)

OW = (DµΦ)†W µν(DνΦ) (3)

OB = (DµΦ)†Bµν(DνΦ) (4)
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2
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µ + gεIJKW J

µ W K
ν ) (6)

Bµν =
i

2
g′(∂µBν − ∂νBµ) (7)

This is a good choice of operators as they are constrained only by electroweak
vector boson pair production [26].

There is no reason to believe that C and P are conserved by the dimension-
six operators, unless the physics beyond the standard model respects these

6

symmetries. If we allow for C and/or P violation, there are two additional
operators, which we choose to be

OW̃WW = Tr[W̃µνW
νρW µ

ρ ] (8)

OW̃ = (DµΦ)†W̃ µν(DνΦ) (9)

Thus there are three C and P conserving dimension-six operators and two op-
erators that violate C and/or P . Together these five operators parameterize
the leading effect of physics beyond the standard model on the electroweak
vector boson self interactions.

4. Anomalous Couplings

Anomalous couplings of electroweak vector bosons are discussed in one
of two formalisms: a Lagrangian or a vertex function. Here we discuss these
two approaches and compare them with the effective field theory approach
discussed in the previous sections.

4.1. Lagrangian approach

The Lagrangian approach to anomalous couplings is based on the La-
grangian [6]
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where V = γ, Z; W±
µν = ∂µW±

ν − ∂νW±
µ , Vµν = ∂µVν − ∂νVµ, and the overall

coupling constants are defined as gWWγ = −e and gWWZ = −e cot θW . In
constructing this Lagrangian, the W bosons are constrained to be on shell and
the scalar components of the neutral gauge bosons are neglected [6]. These
are appropriate constraints for application of this Lagrangian to electroweak
vector boson pair production, so they do not imply a loss of generality. None
of these constraints need be imposed on the effective field theory, however;
it is valid for both real and virtual particles, and for all field components.

The first three terms of Eq. (10) respect C and P , and the remaining
four terms violate C and/or P . Electromagnetic gauge invariance implies
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5. Anomalous Couplings from Effective Field Theory

The effective field theory approach allows us to reframe some analyses
that have been performed using the anomalous coupling formalism. If the
anomalous couplings were taken to be constant Lagrangian parameters, then
we can reinterpret them as the coefficients of dimension six operators. By
reframing the results in terms of dimension six operators, all of the desirable
features of the effective field theory, listed in Section 2, remain intact.

When anomalous couplings are derived from an effective field theory it is
important to remember that they, like the underlying effective field theory,
are only valid below the scale of new physics, Λ. This is in stark contrast to
the original use of anomalous couplings, which were regarded as being valid
to arbitrarily high energy [3, 6].

The effective field theory approach described in the previous section allows
one to calculate the parameters gZ

1 , κγ, etc., in terms of the coefficients of the
five dimension-six operators. Calling these coefficients cWWW , cW , cB, cW̃WW , cW̃ ,
one finds [9, 13]

gZ
1 = 1 + cW

m2
Z

2Λ2
(12)

κγ = 1 + (cW + cB)
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2Λ2
(13)
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1 − 1, ∆κγ,Z = κγ,Z − 1, we find the relation [9]

∆gZ
1 = ∆κZ + tan2 θW ∆κγ (20)

This, together with the relation λγ = λZ , reduces the five C and P violating
parameters down to three. For the C and/or P violating parameters, we find
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the low-energy effects of new physics at a yet higher scale. Thus the effective
field theory approach is adaptable as we discover new heavy particles.

3. Dimension-Six Operators

There are many dimension-six operators, but only a few of them affect
any given physical process [18]. Thus, by making a variety of measurements,
one can measure or constrain many of the coefficients of these operators. The
number of independent B- and L-conserving dimension-six operators is 59
for one generation of quarks and leptons [25].

Electroweak vector boson pair production involves the coupling of the
electroweak vector bosons to fermions and to each other. The coupling of
the electroweak vector bosons to fermions is generally constrained by other
processes, so it is reasonable to focus on the electroweak vector boson self
interactions when considering the contribution of dimension-six operators
to electroweak vector boson pair production. Assuming C and P conser-
vation, there are just three independent dimension-six operators that affect
the electroweak vector boson self interactions [9]. There is some flexibility
in which three operators are chosen. We follow Ref. [9] and chose the three
independent C and P conserving operators to be

OWWW = Tr[WµνW
νρW µ

ρ ] (2)

OW = (DµΦ)†W µν(DνΦ) (3)

OB = (DµΦ)†Bµν(DνΦ) (4)

where Φ is the Higgs doublet field and

Dµ = ∂µ +
i

2
gτ IW I
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i

2
g′Bµ (5)

Wµν =
i

2
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I
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I
µ + gεIJKW J

µ W K
ν ) (6)

Bµν =
i

2
g′(∂µBν − ∂νBµ) (7)

This is a good choice of operators as they are constrained only by electroweak
vector boson pair production [26].

There is no reason to believe that C and P are conserved by the dimension-
six operators, unless the physics beyond the standard model respects these

6

symmetries. If we allow for C and/or P violation, there are two additional
operators, which we choose to be

OW̃WW = Tr[W̃µνW
νρW µ

ρ ] (8)

OW̃ = (DµΦ)†W̃ µν(DνΦ) (9)

Thus there are three C and P conserving dimension-six operators and two op-
erators that violate C and/or P . Together these five operators parameterize
the leading effect of physics beyond the standard model on the electroweak
vector boson self interactions.

4. Anomalous Couplings

Anomalous couplings of electroweak vector bosons are discussed in one
of two formalisms: a Lagrangian or a vertex function. Here we discuss these
two approaches and compare them with the effective field theory approach
discussed in the previous sections.

4.1. Lagrangian approach

The Lagrangian approach to anomalous couplings is based on the La-
grangian [6]
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(

gV
1 (W+

µνW
−µ − W+µW−

µν)V
ν + κV W+

µ W−
ν V µν +

λV

M2
W

W ν+
µ W−ρ

ν V µ
ρ

+igV
4 W+

µ W−
ν (∂µV ν + ∂νV µ) − igV

5 εµνρσ(W+
µ ∂ρW

−
ν − ∂ρW

+
µ W−

ν )Vσ

+κ̃V W+
µ W−
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(10)

where V = γ, Z; W±
µν = ∂µW±

ν − ∂νW±
µ , Vµν = ∂µVν − ∂νVµ, and the overall

coupling constants are defined as gWWγ = −e and gWWZ = −e cot θW . In
constructing this Lagrangian, the W bosons are constrained to be on shell and
the scalar components of the neutral gauge bosons are neglected [6]. These
are appropriate constraints for application of this Lagrangian to electroweak
vector boson pair production, so they do not imply a loss of generality. None
of these constraints need be imposed on the effective field theory, however;
it is valid for both real and virtual particles, and for all field components.

The first three terms of Eq. (10) respect C and P , and the remaining
four terms violate C and/or P . Electromagnetic gauge invariance implies

7
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5. Anomalous Couplings from Effective Field Theory

The effective field theory approach allows us to reframe some analyses
that have been performed using the anomalous coupling formalism. If the
anomalous couplings were taken to be constant Lagrangian parameters, then
we can reinterpret them as the coefficients of dimension six operators. By
reframing the results in terms of dimension six operators, all of the desirable
features of the effective field theory, listed in Section 2, remain intact.

When anomalous couplings are derived from an effective field theory it is
important to remember that they, like the underlying effective field theory,
are only valid below the scale of new physics, Λ. This is in stark contrast to
the original use of anomalous couplings, which were regarded as being valid
to arbitrarily high energy [3, 6].

The effective field theory approach described in the previous section allows
one to calculate the parameters gZ

1 , κγ, etc., in terms of the coefficients of the
five dimension-six operators. Calling these coefficients cWWW , cW , cB, cW̃WW , cW̃ ,
one finds [9, 13]

gZ
1 = 1 + cW

m2
Z

2Λ2
(12)

κγ = 1 + (cW + cB)
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2Λ2
(13)
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2Λ2
(14)
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2Λ2
(15)
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4 = gV
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Defining ∆gZ
1 = gZ

1 − 1, ∆κγ,Z = κγ,Z − 1, we find the relation [9]

∆gZ
1 = ∆κZ + tan2 θW ∆κγ (20)

This, together with the relation λγ = λZ , reduces the five C and P violating
parameters down to three. For the C and/or P violating parameters, we find
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cWWW /Λ2 ∈ [−11.9, 1.94]TeV−2

cW /Λ2 ∈ [−8.42, 1.44]TeV−2

cB/Λ
2 ∈ [−7.9, 14.9]TeV−2

cW̃WW /Λ2 ∈ [−185.3,−82.4]TeV−2

cW̃ /Λ2 ∈ [−39.3,−4.9]TeV−2

gZ1 = 0.984+0.022
−0.019

κγ = 0.979+0.044
−0.045

λγ = −0.028+0.020
−0.021

κ̃Z = −0.12+0.06
−0.04

λ̃Z = −0.09± 0.07
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PDG constraints

•Only LEP combination

•Tevratron measurements use form 
factors/other relations

At 68% C.L.
cWWW /Λ2 ∈ [−11.9, 1.94]TeV−2

cW /Λ2 ∈ [−8.42, 1.44]TeV−2

cB/Λ
2 ∈ [−7.9, 14.9]TeV−2

cW̃WW /Λ2 ∈ [−185.3,−82.4]TeV−2

cW̃ /Λ2 ∈ [−39.3,−4.9]TeV−2

gZ1 = 0.984+0.022
−0.019

κγ = 0.979+0.044
−0.045

λγ = −0.028+0.020
−0.021

κ̃Z = −0.12+0.06
−0.04

λ̃Z = −0.09± 0.07



Celine Degrande (UIUC)

Unitarity bound

500 1000 1500 2000
10!4

0.01

1

100

mww

dΣ
!dm ww

"pb!G
eV
#

pp#WW $ LHC 14 TeV with CWWW!%2&6.25 TeV!2
SM
SM'OWWW
Uni. bound

1/Λ2
(
s/Λ4

)

1/s



Celine Degrande (UIUC)

Unitarity bound

500 1000 1500 2000
10!4

0.01

1

100

mww

dΣ
!dm ww

"pb!G
eV
#

pp#WW $ LHC 14 TeV with CWWW!%2&6.25 TeV!2
SM
SM'OWWW
Uni. bound

More than 
2 orders of 
magnitude

Form factors are not needed!

1/Λ2
(
s/Λ4

)

1/s



Celine Degrande (UIUC)

Invariant mass and polarisations
OWWW OW OB

1 (s) 1 (s)

1/s (1) 1/s (1) 1/s (1)

1/s (s) 1/s2 (1/s)

1/s (s) 1 (s) 1 (s)

LL

LT

TT

Sum

0

0

1/s

1/s2

1/s

1/s

SM



Celine Degrande (UIUC)

Invariant mass and polarisations
OWWW OW OB

1 (s) 1 (s)

1/s (1) 1/s (1) 1/s (1)

1/s (s) 1/s2 (1/s)

1/s (s) 1 (s) 1 (s)

LL

LT

TT

Sum

0

0

1/s

1/s2

1/s

1/s

SM



Celine Degrande (UIUC)

Invariant mass and polarisations
OWWW OW OB

1 (s) 1 (s)

1/s (1) 1/s (1) 1/s (1)

1/s (s) 1/s2 (1/s)

1/s (s) 1 (s) 1 (s)

LL

LT

TT

Sum

0

0

1/s

1/s2

1/s

1/s

SM



Celine Degrande (UIUC)

Tranverse polarizations
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LnTGC = LSM + 0 +
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Λ4
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or with a different order of the Lorentz indices for the derivatives acting on the Higgs field.
If the derivatives carrying the same index as the strength tensor are adjacent, they can be
replaced by a sum of strength tensors. If they are not, they can be bring again close to each
other using the strength tensors. Consequently, we can forgot also the operators with four
derivatives.

Operators with two derivatives and two strength tensors can be written as

H†FµνFµρDρDνH (20)
H†DρFµνFµρDνH (21)
H†DρFµνDνFµρH. (22)

The cases with the indices of the two derivatives summed together have been removed
using rules I and IV. The operators in Eq. (21) can be transformed into the previous
operators by integration by part and one operator with a derivative on each Higgs fields
which contains vertices with at least four vector bosons and eventually an operator with an
extra current. Moreover, the two derivatives can be replaced here by they anticommutator
as the commutator will be treated later. The operator in Eq. (22) do not contain nTGC
because the indices of three vector fields have to be contracted with εIJK . Three operators
with nTGC remain after replacing Fµν by Bµν or Wµν ,

OBW = iH†BµνW
µρ {Dρ, D

ν}H, (23)
OWW = iH†WµνW

µρ {Dρ, D
ν}H, (24)

OBB = iH†BµνB
µρ {Dρ, D

ν}H. (25)

Four extra operators with nTGC can be obtain with the dual strength tensors,

OB̃W = iH†B̃µνW
µρ {Dρ, D

ν}H, (26)

O
BW̃

= iH†BµνW̃µρ {Dρ, D
ν}H, (27)

O
W̃W

= iH†W̃µνW
µρ {Dρ, D

ν}H, (28)

OB̃B = iH†B̃µνB
µρ {Dρ, D

ν}H. (29)

The identity,
BµνB̃

νρ = −1

4
δρµBνσB̃

νσ, (30)

and its equivalent for W transforms the two last operators to operators with more Higgs
or dimension-six operators. The operators from Eq. (27) is equivalent to the one from
Eq. (26) up to operators with more current, more strength tensors or with quartic gauge
boson couplings only due to Eq. (18).

If there are only three strength tensors in addition to the two Higgs fields, the operator
is antisymmetric under the exchange of the three strength tensors and no nTGC can be
generated. There are also no operators with one dual strength tensor due to Eq. (30).

2.3 With four Higgs fields

If the four derivatives are applied each on one Higgs doublet, only quartic interactions are
generated. Two derivatives should then be applied on one Higgs field and they should have
different Lorentz indices due to the Higgs equation of motion. Only the Z field can be
selected with the Higgs v.e.v.. Consequently, the part of the operators with four Higgs
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Abstract

Four independent dimension-eigth operators give rise to anomalous neutral triple
gauge boson interaction, one CP-even and three CP-odd. Only the CP-even operator
interferes with the SM for the production of a pair of on-shell neutral bosons. However,
the effects are found to be tiny due mainly to the mismatch of the Z boson polarization
between the productions from the SM and the new operator.

1 Introduction

The recent discovery of the Higgs boson has increased the confidence in the validity of the
SM. On the other hand, the remaining issues of the SM like the absence of a dark matter
candidate claim for new physics. This dilemma can only be solved experimentally by either
directly searching for new particles or by looking for deviations from the SM predictions.
In this article, we use the well motivated effective field theory (EFT) approach to pin down
the expected first deviations from heavy new physics on the neutral triple gauge couplings
(nTGC).
Anomalous neutral gauge couplings have been actively searched for at LEP [1, 2, 3], at the
Tevatron [4, 5] and at the LHC [6, 7]. The constraints are given following the parametrization
for the anomalous vertices for the neutral gauge bosons [8, 9, 10, 11]

ieΓαβµ
ZZV (q1, q2, q3) =

−e(q23 −m2
V )

M2
Z

[
fV
4 (qα3 gµβ + qβ3g

µα)− fV
5 εµαβρ(q1 − q2)ρ

]
, (1)

ieΓαβµ
ZγV (q1, q2, q3) =

−e(q23 −m2
V )

M2
Z

{
hV1 (q

µ
2g

αβ − qα2 gµβ) +
hV2
M2

Z

qα3 [(q3q2)gµβ − qµ2qβ3 ]

− hV3 ε
µαβρq2ρ − hV4

M2
Z

qα3 εµβρσq3ρq2σ

}
(2)

where V is a photon or a Z boson and is off-shell while the two other bosons are on-shell.
The parametrization of those vertices has been extended for off-shell bosons in ref. [10]. So
far, the size of the fV

i and hVi coefficients is unknown. They have be computed or estimated
for some extensions of the SM [10, 12]. Alternatively, their size as well as their dependence
in a smaller number of parameters can be obtained for any heavy new physics model using
EFT [13]. At low energy, any extension the SM at the scale Λ can be parametrized by the
effective Lagrangian

L = LSM +
∑

d>4

∑

i

Ci

Λd−4
Od

i (3)

1

Anomalous vertices

contributing to the nTGC can be written as ZµZν∂µZν and have all the same nTCG vertex
proportional to ∑

perm(1,2,3)

ηµ1µ2pµ3
3 . (31)

This vertex does not contribute when the vector bosons are on-shell or attached to a massless
fermion line. There are no operators with one or two strength tensors with nTGC.

3 Phenomenology

Once added to the Lagrangian with their hermitian conjugate, the four operators found in
section 2.2 produces nTCG vertices independent of the imaginary part of their coefficients.
The Lagrangian can therefore be written as

LnTGC = LSM +
∑

i

Ci

Λ4

(
Oi +O†

i

)
(32)

where i run over the label of the five operators from equations (23) to (26). In the definitions
of the operators we used the following convention :

Dµ ≡ ∂µ − i
g′

2
BµY − igwW

i
µσ

i (33)

and

Wµν = σI(∂µW
I
ν − ∂νW

I
µ + gεIJKW J

µW
K
ν ) (34)

Bµν = (∂µBν − ∂νBµ) (35)

with
〈
σIσJ

〉
= δIJ/2.

The CP-conserving anomalous couplings for the production of two on-shell Z bosons (see
Eq. (1)) are given by

fZ
5 = 0 (36)

fγ
5 =

v2M2
Z

4cwsw

CB̃W

Λ4
(37)

and the CP-violating by

fZ
4 =

M2
Zv

2
(
cw2CBB

Λ4 + 2cwsw
CBW
Λ4 + 4sw2CWW

Λ4

)

2cwsw
(38)

fγ
4 = −

M2
Zv

2
(
−cwsw

CBB
Λ4 + CBW

Λ4

(
cw2 − sw2

)
+ 4cwsw

CWW
Λ4

)

4cwsw
(39)

For one on-shell Z boson and one on-shell photon (see Eq. (2)), the CP conserving couplings
are

hZ3 =
v2M2

Z

4cwsw

CB̃W

Λ4
(40)

hZ4 = 0 (41)
hγ3 = 0 (42)
hγ4 = 0 (43)

(44)
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This vertex does not contribute when the vector bosons are on-shell or attached to a massless
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section 2.2 produces nTCG vertices independent of the imaginary part of their coefficients.
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and the CP-violating are

hZ1 =
M2

Zv
2
(
−cwsw

CBB
Λ4 + CBW

Λ4

(
cw2 − sw2

)
+ 4cwsw

CWW
Λ4

)

4cwsw
(45)

hZ2 = 0 (46)

hZ1 = −
M2

Zv
2
(
sw2CBB

Λ4 − 2cwsw
CBW
Λ4 + 4cw2CWW

Λ4

)

4cwsw
(47)

hγ2 = 0. (48)

The anomalous couplings for off-shell bosons are given in appendix A. Many couplings are
zero because the CP-conserving ZAA and ZZZ vertices vanish. Those expressions implies
two relations between the non-vanishing couplings,

fγ
5 = hZ3 and hZ1 = −fγ

4 . (49)

CB̃W /Λ4 can be constrained using the mearsurements of fγ
5 and hZ3 . The limits on fγ

5 [6]
give the strongest constrain, i.e.

−47 TeV−4 <
CB̃W

Λ4
< 47 TeV−4 (50)

at 95% C.L. The coefficients on the CP-violating operators can be constrained from the
measurements of fZ

4 , fγ
4 [6] and hγ1 [17],

−231 TeV−4 < CBB
Λ4 < 228 TeV−4 (51)

−386 TeV−4 < CBB
Λ4 < 394 TeV−4 (52)

−151 TeV−4 < CBB
Λ4 < 148 TeV−4. (53)

Only the constraints on anomalous couplings obtained without form factor have been used
to extract the limits on the coefficients of the dimension-eight operators. For order one
coefficients, the new physics scale is constrained to be above a few hundred GeV.

The largest new physics contribution to ff̄ → ZZ/ZA is expected from the interference
between the SM and the dimension-eight operators,

|M |2 = |MSM |2︸ ︷︷ ︸
O(Λ0)

+2# (MSMM∗
dim8)︸ ︷︷ ︸

O(Λ−4)

+ . . .︸︷︷︸
O(Λ−6)

+ |Mdim8|2 + . . .︸ ︷︷ ︸
O(Λ−8)

+O
(
Λ−10

)
. (54)

The first and second dots represent the interference between the SM and the dimension-
ten and dimension-twelve operators respectively. In the following, the partial O

(
Λ−8

)

contribution is the squared of the amplitude with dimension-eight operators. This term is
given to understand the suppression of the interference but is not the leading contribution
from the heavy new physics unless the interferences between the SM and the dimension-
eight and dimension-ten operators are both strongly suppressed. The three first CP-odd
operators do not contribute the the on-shell production of two neutral gauge bosons at the
order Λ−4. On the contrary, the CP-even operator contribute to ZZ and ZA productions
thanks to the ZZA vertex. As a consequence, only the CP-even operator will be studied in
the following.
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the suppression remains but the cut in the scattering angle does not have such a large effect
anymore,

σθcut(eē → ZTZL)/fb = 0.59− 0.44CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 6.9C2
B̃W

(
1 TeV
Λ

)8

+ . . . (61)

However, the polarization from the SM contribution are mainly transverse. Only slightly
less than a percent of the SM production has one longitudinal Z boson. The remaining part
of the suppression of the interference at both energies comes from the large phase difference
between the SM and new physics amplitude. Since the interference between the SM and
the dimension-eight operators is quite suppressed, the next order in the 1/Λ expansion may
have a larger contribution for a new physics scale not very far from the energy probed by
the experiment.

3.2 AZ production

The dimension-eight operator contributes both to the production of longitudinally and
transversally polarized Z boson,

2# (MSMM∗
dim8) (ff̄ → ATZL)/fb = e4NcQv2

CB̃W

Λ4

(
2QT3sw2 − T 2

3

)

2cw3sw3
s (62)

2# (MSMM∗
dim8) (ff̄ → ATZT )/fb = e4NcQv2

CB̃W

Λ4

(
2QT3sw2 − T 2

3

)

2cw3sw3
M2

Z . (63)

However, there are no new physics contributions to all the possible combination of transver-
sally polarized Z boson. In fact, the polarization vectors of the Z boson and the photon
have to be orthogonal to each other. At high energy, the production longitudinal Z boson
dominates. On the contrary, the SM contribution,

|MSM |2 (ff̄ → ATZL)/fb = 4e4NcQ
2
(
2Q2sw

4 − 2QT3sw
2 + T 2

3

) M2
Zs

cw2sw2
(
s−M2

Z

)2

(64)

|MSM |2 (ff̄ → ATZT )/fb = 2e4NcQ
2
(
2Q2sw

4 − 2QT3sw
2 + T 2

3

)
(
c2θ + 1

) (
M4

Z + s2
)

s2wc
2
ws

2
θ

(
s−M2

Z

)2 ,

(65)

contains mainly transversally polarized Z bosons at high energy. Contrary to the new physics
contribution, the SM one depends on the scattering angle. Namely, the bosons are produced
at small scattering angle in the SM.

For the cross-section, we have only applied a cut on the pT of the photon, i.e. pT > 10
GeV, to remove the divergence. At 200 GeV, the new physics effects are of the order of a
few fb for a new physics scale at 600 GeV,

σ(eē → ATZL)/fb = 1364 + 0.383CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 2.11 · 10−3C2
B̃W

(
1 TeV
Λ

)8

+ . . . (66)

σ(eē → ATZT )/fb = 15620 + 7.96 · 10−2CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 4.53 · 10−4C2
B̃W

(
1 TeV
Λ

)8

+ . . .

(67)
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200 GeV e+e- collision (Λ>200 GeV)

nTGC

and the CP-violating are
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The anomalous couplings for off-shell bosons are given in appendix A. Many couplings are
zero because the CP-conserving ZAA and ZZZ vertices vanish. Those expressions implies
two relations between the non-vanishing couplings,
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5 = hZ3 and hZ1 = −fγ

4 . (49)

CB̃W /Λ4 can be constrained using the mearsurements of fγ
5 and hZ3 . The limits on fγ

5 [6]
give the strongest constrain, i.e.

−47 TeV−4 <
CB̃W

Λ4
< 47 TeV−4 (50)

at 95% C.L. The coefficients on the CP-violating operators can be constrained from the
measurements of fZ

4 , fγ
4 [6] and hγ1 [17],

−231 TeV−4 < CBB
Λ4 < 228 TeV−4 (51)

−386 TeV−4 < CBB
Λ4 < 394 TeV−4 (52)

−151 TeV−4 < CBB
Λ4 < 148 TeV−4. (53)

Only the constraints on anomalous couplings obtained without form factor have been used
to extract the limits on the coefficients of the dimension-eight operators. For order one
coefficients, the new physics scale is constrained to be above a few hundred GeV.

The largest new physics contribution to ff̄ → ZZ/ZA is expected from the interference
between the SM and the dimension-eight operators,

|M |2 = |MSM |2︸ ︷︷ ︸
O(Λ0)

+2# (MSMM∗
dim8)︸ ︷︷ ︸

O(Λ−4)

+ . . .︸︷︷︸
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+ |Mdim8|2 + . . .︸ ︷︷ ︸
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. (54)

The first and second dots represent the interference between the SM and the dimension-
ten and dimension-twelve operators respectively. In the following, the partial O

(
Λ−8

)

contribution is the squared of the amplitude with dimension-eight operators. This term is
given to understand the suppression of the interference but is not the leading contribution
from the heavy new physics unless the interferences between the SM and the dimension-
eight and dimension-ten operators are both strongly suppressed. The three first CP-odd
operators do not contribute the the on-shell production of two neutral gauge bosons at the
order Λ−4. On the contrary, the CP-even operator contribute to ZZ and ZA productions
thanks to the ZZA vertex. As a consequence, only the CP-even operator will be studied in
the following.
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contribution is the squared of the amplitude with dimension-eight operators. This term is
given to understand the suppression of the interference but is not the leading contribution
from the heavy new physics unless the interferences between the SM and the dimension-
eight and dimension-ten operators are both strongly suppressed. The three first CP-odd
operators do not contribute the the on-shell production of two neutral gauge bosons at the
order Λ−4. On the contrary, the CP-even operator contribute to ZZ and ZA productions
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At 1 TeV and for a new physics scale around 3 TeV, the effects of the new physics are slightly
below 0.01 fb,

σ(eē → ATZL)/fb = 1.75 + 0.48CB̃W

(
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Λ

)4

+ · · ·+ 2.63C2
B̃W

(
1 TeV
Λ

)8

+ . . . (68)

σ(eē → ATZT )/fb = 866 + 4.02 · 10−3CB̃W

(
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Λ

)4

+ · · ·+ 2.17 · 10−2C2
B̃W

(
1 TeV
Λ

)8

+ . . .

(69)

At that energy, the secondary longitudinal polarizations are at the level of the percent and
the interference is highly suppressed. Like for ZZ production, there is a mismatch between
the polarization states produced at high energy by the SM and by the new operator. On
the one hand, it allows to disentangle the new physics contribution from the SM one.
On the other hand, it suppress the interference. In fact this mismatch is also present
for charged bosons pair production from the SM and the dimension-six operators with
the Higgs field [18]. A cut on the scattering angle would improve the ratio of the new
physics contribution over the SM one but will this time reduce the already small new physics
contribution.
Analytical results for both ZZ and ZA productions have been found in agreement for
the total rate and the matrix element of one phase space point using FeynRules UFO
output [19, 20], ALOHA[21] and Madgraph5 [22]

4 Conclusion

Only one CP-even and three CP-Odd independent dimension-eight operators give rise to
nTGC for on-shell bosons or bosons decaying to massless fermions. The only the CP even
one contribute to the production of a pair of on-shell neutral electroweak bosons (ZZ and
ZA). At high energy, those operators produce almost exclusively one of the Z boson with
a longitudinal polarization contrary to the SM. The new physics contribution also differs
from the SM by the dependence in both the center of mass energy and the scattering angle.
Their interference with the SM is quite different from the SM but is also highly suppressed.
The present constraints on the anomalous couplings barely constraint the new physics scale
above the weak scale. Consequently, advanced analysis like matrix element method would
be needed to observe or constrain the coefficients of the effective operators if the new physics
scale is at or above the TeV.

A Translation to off-shell anomalous couplings

The contribution of the dimension-eight operators to the off-shell anomalous couplings [10]
are given by

fAAZ
1 = fAAZ

2 = fAAZ
3 = 0 (70)

fZZA
1 =

v2q23
4cwsw

CB̃W

Λ4
(71)

fZZA
2 =

v2
(
q21 − q22

)

4cwsw

CB̃W

Λ4
(72)

fZZA
3 = 0 (73)
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the suppression remains but the cut in the scattering angle does not have such a large effect
anymore,

σθcut(eē → ZTZL)/fb = 0.59− 0.44CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 6.9C2
B̃W

(
1 TeV
Λ

)8

+ . . . (61)

However, the polarization from the SM contribution are mainly transverse. Only slightly
less than a percent of the SM production has one longitudinal Z boson. The remaining part
of the suppression of the interference at both energies comes from the large phase difference
between the SM and new physics amplitude. Since the interference between the SM and
the dimension-eight operators is quite suppressed, the next order in the 1/Λ expansion may
have a larger contribution for a new physics scale not very far from the energy probed by
the experiment.

3.2 AZ production

The dimension-eight operator contributes both to the production of longitudinally and
transversally polarized Z boson,

2# (MSMM∗
dim8) (ff̄ → ATZL)/fb = e4NcQv2

CB̃W

Λ4

(
2QT3sw2 − T 2

3

)

2cw3sw3
s (62)

2# (MSMM∗
dim8) (ff̄ → ATZT )/fb = e4NcQv2

CB̃W

Λ4

(
2QT3sw2 − T 2

3

)

2cw3sw3
M2

Z . (63)

However, there are no new physics contributions to all the possible combination of transver-
sally polarized Z boson. In fact, the polarization vectors of the Z boson and the photon
have to be orthogonal to each other. At high energy, the production longitudinal Z boson
dominates. On the contrary, the SM contribution,

|MSM |2 (ff̄ → ATZL)/fb = 4e4NcQ
2
(
2Q2sw

4 − 2QT3sw
2 + T 2

3

) M2
Zs

cw2sw2
(
s−M2

Z

)2

(64)

|MSM |2 (ff̄ → ATZT )/fb = 2e4NcQ
2
(
2Q2sw

4 − 2QT3sw
2 + T 2

3

)
(
c2θ + 1

) (
M4

Z + s2
)

s2wc
2
ws

2
θ

(
s−M2

Z

)2 ,

(65)

contains mainly transversally polarized Z bosons at high energy. Contrary to the new physics
contribution, the SM one depends on the scattering angle. Namely, the bosons are produced
at small scattering angle in the SM.

For the cross-section, we have only applied a cut on the pT of the photon, i.e. pT > 10
GeV, to remove the divergence. At 200 GeV, the new physics effects are of the order of a
few fb for a new physics scale at 600 GeV,

σ(eē → ATZL)/fb = 1364 + 0.383CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 2.11 · 10−3C2
B̃W

(
1 TeV
Λ

)8

+ . . . (66)

σ(eē → ATZT )/fb = 15620 + 7.96 · 10−2CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 4.53 · 10−4C2
B̃W

(
1 TeV
Λ

)8

+ . . .

(67)
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and the CP-violating are

hZ1 =
M2

Zv
2
(
−cwsw

CBB
Λ4 + CBW

Λ4

(
cw2 − sw2

)
+ 4cwsw

CWW
Λ4

)

4cwsw
(45)

hZ2 = 0 (46)

hZ1 = −
M2

Zv
2
(
sw2CBB

Λ4 − 2cwsw
CBW
Λ4 + 4cw2CWW

Λ4

)

4cwsw
(47)

hγ2 = 0. (48)

The anomalous couplings for off-shell bosons are given in appendix A. Many couplings are
zero because the CP-conserving ZAA and ZZZ vertices vanish. Those expressions implies
two relations between the non-vanishing couplings,

fγ
5 = hZ3 and hZ1 = −fγ

4 . (49)

CB̃W /Λ4 can be constrained using the mearsurements of fγ
5 and hZ3 . The limits on fγ

5 [6]
give the strongest constrain, i.e.

−47 TeV−4 <
CB̃W

Λ4
< 47 TeV−4 (50)

at 95% C.L. The coefficients on the CP-violating operators can be constrained from the
measurements of fZ

4 , fγ
4 [6] and hγ1 [17],

−231 TeV−4 < CBB
Λ4 < 228 TeV−4 (51)

−386 TeV−4 < CBB
Λ4 < 394 TeV−4 (52)

−151 TeV−4 < CBB
Λ4 < 148 TeV−4. (53)

Only the constraints on anomalous couplings obtained without form factor have been used
to extract the limits on the coefficients of the dimension-eight operators. For order one
coefficients, the new physics scale is constrained to be above a few hundred GeV.

The largest new physics contribution to ff̄ → ZZ/ZA is expected from the interference
between the SM and the dimension-eight operators,

|M |2 = |MSM |2︸ ︷︷ ︸
O(Λ0)

+2# (MSMM∗
dim8)︸ ︷︷ ︸

O(Λ−4)

+ . . .︸︷︷︸
O(Λ−6)

+ |Mdim8|2 + . . .︸ ︷︷ ︸
O(Λ−8)

+O
(
Λ−10

)
. (54)

The first and second dots represent the interference between the SM and the dimension-
ten and dimension-twelve operators respectively. In the following, the partial O

(
Λ−8

)

contribution is the squared of the amplitude with dimension-eight operators. This term is
given to understand the suppression of the interference but is not the leading contribution
from the heavy new physics unless the interferences between the SM and the dimension-
eight and dimension-ten operators are both strongly suppressed. The three first CP-odd
operators do not contribute the the on-shell production of two neutral gauge bosons at the
order Λ−4. On the contrary, the CP-even operator contribute to ZZ and ZA productions
thanks to the ZZA vertex. As a consequence, only the CP-even operator will be studied in
the following.
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Not next to leading

At 1 TeV and for a new physics scale around 3 TeV, the effects of the new physics are slightly
below 0.01 fb,

σ(eē → ATZL)/fb = 1.75 + 0.48CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 2.63C2
B̃W

(
1 TeV
Λ

)8

+ . . . (68)

σ(eē → ATZT )/fb = 866 + 4.02 · 10−3CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 2.17 · 10−2C2
B̃W

(
1 TeV
Λ

)8

+ . . .

(69)

At that energy, the secondary longitudinal polarizations are at the level of the percent and
the interference is highly suppressed. Like for ZZ production, there is a mismatch between
the polarization states produced at high energy by the SM and by the new operator. On
the one hand, it allows to disentangle the new physics contribution from the SM one.
On the other hand, it suppress the interference. In fact this mismatch is also present
for charged bosons pair production from the SM and the dimension-six operators with
the Higgs field [18]. A cut on the scattering angle would improve the ratio of the new
physics contribution over the SM one but will this time reduce the already small new physics
contribution.
Analytical results for both ZZ and ZA productions have been found in agreement for
the total rate and the matrix element of one phase space point using FeynRules UFO
output [19, 20], ALOHA[21] and Madgraph5 [22]

4 Conclusion

Only one CP-even and three CP-Odd independent dimension-eight operators give rise to
nTGC for on-shell bosons or bosons decaying to massless fermions. The only the CP even
one contribute to the production of a pair of on-shell neutral electroweak bosons (ZZ and
ZA). At high energy, those operators produce almost exclusively one of the Z boson with
a longitudinal polarization contrary to the SM. The new physics contribution also differs
from the SM by the dependence in both the center of mass energy and the scattering angle.
Their interference with the SM is quite different from the SM but is also highly suppressed.
The present constraints on the anomalous couplings barely constraint the new physics scale
above the weak scale. Consequently, advanced analysis like matrix element method would
be needed to observe or constrain the coefficients of the effective operators if the new physics
scale is at or above the TeV.

A Translation to off-shell anomalous couplings

The contribution of the dimension-eight operators to the off-shell anomalous couplings [10]
are given by

fAAZ
1 = fAAZ

2 = fAAZ
3 = 0 (70)

fZZA
1 =

v2q23
4cwsw

CB̃W

Λ4
(71)

fZZA
2 =

v2
(
q21 − q22

)

4cwsw

CB̃W

Λ4
(72)

fZZA
3 = 0 (73)
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200 GeV e+e- collision (Λ>200 GeV)
nTGC

3.1 ZZ production

The new operator only contributes to the production of one longitudinally polarized boson
and one transversally polarized boson,

2! (MSMM∗
dim8) (ff̄ → ZZ) = 2! (MSMM∗

dim8) (ff̄ → ZTZL) =

e4v2NcQ
(
Q(Q+ 1)s4w − 2Qs2wT3 + T 2

3

) CB̃W

Λ4

(
4M2

Z − s
)
s
(
2
(
c2θ + 1

)
M2

Z − s2θs
)

2c3ws
3
w

(
4M4

Z − 4s2θM
2
Zs+ s2θs

2
) (55)

where the average over the spin is done but not over the color, Q and T3 at the fermion
charge and weak isospin, s the center of mass energy, θ the scattering angle, Nc is the
number of color and should be set to one for leptons. The dependence in Q and T3 is due to
the fact that only the new physics diagram with the photon in the s-channel has an effect.
By comparison, the SM contribution is

|MSM |2 (ff̄ → ZZ) = e4Nc(2Q
4s8w − 4Q3s6wT3 + 6Q2s4wT

2
3 − 4Qs2wT

3
3 + T 4

3 )

s
(
16(1 + c2θ)M

6
Z − 4(3− 7c2θ + 4c4θ)M

4
Zs− 8s2θc

2
θM

2
Zs

2 − (−1 + c4θ)s
3
)

c4ws
4
w

(
4M4

Z − 4s2θM
2
Zs+ s2θs

2
)2

(56)

and becomes constant at high energy while the new physics contribution grows like s.
Futhermore, the SM contribution to one longitudinally polarized boson and one transversally
polarized boson,

|MSM |2 (ff̄ → ZLZT ) = e4Nc(2Q
4s8w − 4Q3s6wT3 + 6Q2s4wT

2
3 − 4Qs2wT

3
3 + T 4

3 )

2s
(
4
(
c2θ + 1

)
M4

Z − 4s2θM
2
Zs+ s4θs

2
)

c4ws
4
w

(
4M4

Z − 4s2θM
2
Zs+ s2θs

2
)2 (57)

goes like 1/s at high energy. As expected, the SM produces mainly transversally polarized
bosons at high energy. Those analytical expressions also show that the NP and the SM con-
tributions differ by the dependences in the scattering angle. In particular, the interference
changes of sign for c2θ =

s−2M2
Z

s+2M2
Z
.

Numerically, the cross-section for an electron positron collider at 200 GeV is

σ(eē → ZZ)/fb = 1252− 3.2 · 10−3CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 1.4 · 10−4C2
B̃W

(
1 TeV
Λ

)8

+ . . .

(58)
The 1/Λ8 term from the new physics amplitude squared shows that the interference is highly
suppressed. The fact that the new physics only contribute to one longitudinally polarized
boson and one transversally polarized boson partially explains this suppression. As a matter
of fact, the SM contribution to this polarizations is only one third of its total rate. If a cut
on the scattering angle, c2θ <

s−2M2
Z

s+2M2
Z
, is added,

σθcut(eē → ZTZL)/fb = 233−2.6·10−2CB̃W

(
1 TeV
Λ

)4

+· · ·+7.9·10−5C2
B̃W

(
1 TeV
Λ

)8

+. . .

(59)
the interference suppression is reduced. As a matter of fact, the two parts of the interference
with an opposite sign nearly cancel each other close to threshold. At 1 TeV,

σ(eē → ZZ)/fb = 144− 0.41CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 7.1C2
B̃W

(
1 TeV
Λ

)8

+ . . . (60)
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200 GeV e+e- collision (Λ>200 GeV)
nTGC

3.1 ZZ production

The new operator only contributes to the production of one longitudinally polarized boson
and one transversally polarized boson,

2! (MSMM∗
dim8) (ff̄ → ZZ) = 2! (MSMM∗

dim8) (ff̄ → ZTZL) =

e4v2NcQ
(
Q(Q+ 1)s4w − 2Qs2wT3 + T 2

3

) CB̃W

Λ4

(
4M2

Z − s
)
s
(
2
(
c2θ + 1

)
M2

Z − s2θs
)

2c3ws
3
w

(
4M4

Z − 4s2θM
2
Zs+ s2θs

2
) (55)

where the average over the spin is done but not over the color, Q and T3 at the fermion
charge and weak isospin, s the center of mass energy, θ the scattering angle, Nc is the
number of color and should be set to one for leptons. The dependence in Q and T3 is due to
the fact that only the new physics diagram with the photon in the s-channel has an effect.
By comparison, the SM contribution is

|MSM |2 (ff̄ → ZZ) = e4Nc(2Q
4s8w − 4Q3s6wT3 + 6Q2s4wT

2
3 − 4Qs2wT

3
3 + T 4

3 )

s
(
16(1 + c2θ)M

6
Z − 4(3− 7c2θ + 4c4θ)M

4
Zs− 8s2θc

2
θM

2
Zs

2 − (−1 + c4θ)s
3
)

c4ws
4
w

(
4M4

Z − 4s2θM
2
Zs+ s2θs

2
)2

(56)

and becomes constant at high energy while the new physics contribution grows like s.
Futhermore, the SM contribution to one longitudinally polarized boson and one transversally
polarized boson,

|MSM |2 (ff̄ → ZLZT ) = e4Nc(2Q
4s8w − 4Q3s6wT3 + 6Q2s4wT

2
3 − 4Qs2wT

3
3 + T 4

3 )

2s
(
4
(
c2θ + 1

)
M4

Z − 4s2θM
2
Zs+ s4θs

2
)

c4ws
4
w

(
4M4

Z − 4s2θM
2
Zs+ s2θs

2
)2 (57)

goes like 1/s at high energy. As expected, the SM produces mainly transversally polarized
bosons at high energy. Those analytical expressions also show that the NP and the SM con-
tributions differ by the dependences in the scattering angle. In particular, the interference
changes of sign for c2θ =

s−2M2
Z

s+2M2
Z
.

Numerically, the cross-section for an electron positron collider at 200 GeV is

σ(eē → ZZ)/fb = 1252− 3.2 · 10−3CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 1.4 · 10−4C2
B̃W

(
1 TeV
Λ

)8

+ . . .

(58)
The 1/Λ8 term from the new physics amplitude squared shows that the interference is highly
suppressed. The fact that the new physics only contribute to one longitudinally polarized
boson and one transversally polarized boson partially explains this suppression. As a matter
of fact, the SM contribution to this polarizations is only one third of its total rate. If a cut
on the scattering angle, c2θ <

s−2M2
Z

s+2M2
Z
, is added,

σθcut(eē → ZTZL)/fb = 233−2.6·10−2CB̃W

(
1 TeV
Λ

)4

+· · ·+7.9·10−5C2
B̃W

(
1 TeV
Λ

)8

+. . .

(59)
the interference suppression is reduced. As a matter of fact, the two parts of the interference
with an opposite sign nearly cancel each other close to threshold. At 1 TeV,

σ(eē → ZZ)/fb = 144− 0.41CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 7.1C2
B̃W

(
1 TeV
Λ

)8

+ . . . (60)
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3.1 ZZ production

The new operator only contributes to the production of one longitudinally polarized boson
and one transversally polarized boson,
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2
Zs+ s2θs
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) (55)

where the average over the spin is done but not over the color, Q and T3 at the fermion
charge and weak isospin, s the center of mass energy, θ the scattering angle, Nc is the
number of color and should be set to one for leptons. The dependence in Q and T3 is due to
the fact that only the new physics diagram with the photon in the s-channel has an effect.
By comparison, the SM contribution is

|MSM |2 (ff̄ → ZZ) = e4Nc(2Q
4s8w − 4Q3s6wT3 + 6Q2s4wT

2
3 − 4Qs2wT
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3 )
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4M4
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2
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(56)

and becomes constant at high energy while the new physics contribution grows like s.
Futhermore, the SM contribution to one longitudinally polarized boson and one transversally
polarized boson,

|MSM |2 (ff̄ → ZLZT ) = e4Nc(2Q
4s8w − 4Q3s6wT3 + 6Q2s4wT

2
3 − 4Qs2wT

3
3 + T 4

3 )

2s
(
4
(
c2θ + 1
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M4

Z − 4s2θM
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Zs+ s4θs

2
)

c4ws
4
w

(
4M4
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2
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2
)2 (57)

goes like 1/s at high energy. As expected, the SM produces mainly transversally polarized
bosons at high energy. Those analytical expressions also show that the NP and the SM con-
tributions differ by the dependences in the scattering angle. In particular, the interference
changes of sign for c2θ =

s−2M2
Z

s+2M2
Z
.

Numerically, the cross-section for an electron positron collider at 200 GeV is

σ(eē → ZZ)/fb = 1252− 3.2 · 10−3CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 1.4 · 10−4C2
B̃W

(
1 TeV
Λ

)8

+ . . .

(58)
The 1/Λ8 term from the new physics amplitude squared shows that the interference is highly
suppressed. The fact that the new physics only contribute to one longitudinally polarized
boson and one transversally polarized boson partially explains this suppression. As a matter
of fact, the SM contribution to this polarizations is only one third of its total rate. If a cut
on the scattering angle, c2θ <

s−2M2
Z

s+2M2
Z
, is added,

σθcut(eē → ZTZL)/fb = 233−2.6·10−2CB̃W

(
1 TeV
Λ

)4

+· · ·+7.9·10−5C2
B̃W

(
1 TeV
Λ

)8

+. . .

(59)
the interference suppression is reduced. As a matter of fact, the two parts of the interference
with an opposite sign nearly cancel each other close to threshold. At 1 TeV,

σ(eē → ZZ)/fb = 144− 0.41CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 7.1C2
B̃W

(
1 TeV
Λ

)8

+ . . . (60)
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where the average over the spin is done but not over the color, Q and T3 at the fermion
charge and weak isospin, s the center of mass energy, θ the scattering angle, Nc is the
number of color and should be set to one for leptons. The dependence in Q and T3 is due to
the fact that only the new physics diagram with the photon in the s-channel has an effect.
By comparison, the SM contribution is
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and becomes constant at high energy while the new physics contribution grows like s.
Futhermore, the SM contribution to one longitudinally polarized boson and one transversally
polarized boson,
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goes like 1/s at high energy. As expected, the SM produces mainly transversally polarized
bosons at high energy. Those analytical expressions also show that the NP and the SM con-
tributions differ by the dependences in the scattering angle. In particular, the interference
changes of sign for c2θ =

s−2M2
Z

s+2M2
Z
.

Numerically, the cross-section for an electron positron collider at 200 GeV is
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The 1/Λ8 term from the new physics amplitude squared shows that the interference is highly
suppressed. The fact that the new physics only contribute to one longitudinally polarized
boson and one transversally polarized boson partially explains this suppression. As a matter
of fact, the SM contribution to this polarizations is only one third of its total rate. If a cut
on the scattering angle, c2θ <
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the interference suppression is reduced. As a matter of fact, the two parts of the interference
with an opposite sign nearly cancel each other close to threshold. At 1 TeV,
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)4

+ · · ·+ 7.1C2
B̃W

(
1 TeV
Λ

)8

+ . . . (60)
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200 GeV e+e- collision (Λ>200 GeV)
nTGC

3.1 ZZ production

The new operator only contributes to the production of one longitudinally polarized boson
and one transversally polarized boson,

2! (MSMM∗
dim8) (ff̄ → ZZ) = 2! (MSMM∗

dim8) (ff̄ → ZTZL) =

e4v2NcQ
(
Q(Q+ 1)s4w − 2Qs2wT3 + T 2

3

) CB̃W

Λ4

(
4M2

Z − s
)
s
(
2
(
c2θ + 1

)
M2

Z − s2θs
)

2c3ws
3
w

(
4M4

Z − 4s2θM
2
Zs+ s2θs

2
) (55)

where the average over the spin is done but not over the color, Q and T3 at the fermion
charge and weak isospin, s the center of mass energy, θ the scattering angle, Nc is the
number of color and should be set to one for leptons. The dependence in Q and T3 is due to
the fact that only the new physics diagram with the photon in the s-channel has an effect.
By comparison, the SM contribution is

|MSM |2 (ff̄ → ZZ) = e4Nc(2Q
4s8w − 4Q3s6wT3 + 6Q2s4wT

2
3 − 4Qs2wT

3
3 + T 4

3 )

s
(
16(1 + c2θ)M

6
Z − 4(3− 7c2θ + 4c4θ)M

4
Zs− 8s2θc

2
θM

2
Zs

2 − (−1 + c4θ)s
3
)

c4ws
4
w

(
4M4

Z − 4s2θM
2
Zs+ s2θs

2
)2

(56)

and becomes constant at high energy while the new physics contribution grows like s.
Futhermore, the SM contribution to one longitudinally polarized boson and one transversally
polarized boson,

|MSM |2 (ff̄ → ZLZT ) = e4Nc(2Q
4s8w − 4Q3s6wT3 + 6Q2s4wT

2
3 − 4Qs2wT

3
3 + T 4

3 )

2s
(
4
(
c2θ + 1

)
M4

Z − 4s2θM
2
Zs+ s4θs

2
)

c4ws
4
w

(
4M4

Z − 4s2θM
2
Zs+ s2θs

2
)2 (57)

goes like 1/s at high energy. As expected, the SM produces mainly transversally polarized
bosons at high energy. Those analytical expressions also show that the NP and the SM con-
tributions differ by the dependences in the scattering angle. In particular, the interference
changes of sign for c2θ =

s−2M2
Z

s+2M2
Z
.

Numerically, the cross-section for an electron positron collider at 200 GeV is

σ(eē → ZZ)/fb = 1252− 3.2 · 10−3CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 1.4 · 10−4C2
B̃W

(
1 TeV
Λ

)8

+ . . .

(58)
The 1/Λ8 term from the new physics amplitude squared shows that the interference is highly
suppressed. The fact that the new physics only contribute to one longitudinally polarized
boson and one transversally polarized boson partially explains this suppression. As a matter
of fact, the SM contribution to this polarizations is only one third of its total rate. If a cut
on the scattering angle, c2θ <

s−2M2
Z

s+2M2
Z
, is added,

σθcut(eē → ZTZL)/fb = 233−2.6·10−2CB̃W

(
1 TeV
Λ

)4

+· · ·+7.9·10−5C2
B̃W

(
1 TeV
Λ

)8

+. . .

(59)
the interference suppression is reduced. As a matter of fact, the two parts of the interference
with an opposite sign nearly cancel each other close to threshold. At 1 TeV,

σ(eē → ZZ)/fb = 144− 0.41CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 7.1C2
B̃W

(
1 TeV
Λ

)8

+ . . . (60)
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and becomes constant at high energy while the new physics contribution grows like s.
Futhermore, the SM contribution to one longitudinally polarized boson and one transversally
polarized boson,
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goes like 1/s at high energy. As expected, the SM produces mainly transversally polarized
bosons at high energy. Those analytical expressions also show that the NP and the SM con-
tributions differ by the dependences in the scattering angle. In particular, the interference
changes of sign for c2θ =

s−2M2
Z

s+2M2
Z
.

Numerically, the cross-section for an electron positron collider at 200 GeV is

σ(eē → ZZ)/fb = 1252− 3.2 · 10−3CB̃W
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1 TeV
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1 TeV
Λ
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+ . . .

(58)
The 1/Λ8 term from the new physics amplitude squared shows that the interference is highly
suppressed. The fact that the new physics only contribute to one longitudinally polarized
boson and one transversally polarized boson partially explains this suppression. As a matter
of fact, the SM contribution to this polarizations is only one third of its total rate. If a cut
on the scattering angle, c2θ <

s−2M2
Z
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Z
, is added,
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1 TeV
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+. . .
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the interference suppression is reduced. As a matter of fact, the two parts of the interference
with an opposite sign nearly cancel each other close to threshold. At 1 TeV,

σ(eē → ZZ)/fb = 144− 0.41CB̃W
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and becomes constant at high energy while the new physics contribution grows like s.
Futhermore, the SM contribution to one longitudinally polarized boson and one transversally
polarized boson,
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goes like 1/s at high energy. As expected, the SM produces mainly transversally polarized
bosons at high energy. Those analytical expressions also show that the NP and the SM con-
tributions differ by the dependences in the scattering angle. In particular, the interference
changes of sign for c2θ =

s−2M2
Z
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Z
.

Numerically, the cross-section for an electron positron collider at 200 GeV is
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The 1/Λ8 term from the new physics amplitude squared shows that the interference is highly
suppressed. The fact that the new physics only contribute to one longitudinally polarized
boson and one transversally polarized boson partially explains this suppression. As a matter
of fact, the SM contribution to this polarizations is only one third of its total rate. If a cut
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the interference suppression is reduced. As a matter of fact, the two parts of the interference
with an opposite sign nearly cancel each other close to threshold. At 1 TeV,
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and becomes constant at high energy while the new physics contribution grows like s.
Futhermore, the SM contribution to one longitudinally polarized boson and one transversally
polarized boson,
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goes like 1/s at high energy. As expected, the SM produces mainly transversally polarized
bosons at high energy. Those analytical expressions also show that the NP and the SM con-
tributions differ by the dependences in the scattering angle. In particular, the interference
changes of sign for c2θ =

s−2M2
Z

s+2M2
Z
.

Numerically, the cross-section for an electron positron collider at 200 GeV is
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The 1/Λ8 term from the new physics amplitude squared shows that the interference is highly
suppressed. The fact that the new physics only contribute to one longitudinally polarized
boson and one transversally polarized boson partially explains this suppression. As a matter
of fact, the SM contribution to this polarizations is only one third of its total rate. If a cut
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the interference suppression is reduced. As a matter of fact, the two parts of the interference
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the suppression remains but the cut in the scattering angle does not have such a large effect
anymore,

σθcut(eē → ZTZL)/fb = 0.59− 0.44CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 6.9C2
B̃W

(
1 TeV
Λ

)8

+ . . . (61)

However, the polarization from the SM contribution are mainly transverse. Only slightly
less than a percent of the SM production has one longitudinal Z boson. The remaining part
of the suppression of the interference at both energies comes from the large phase difference
between the SM and new physics amplitude. Since the interference between the SM and
the dimension-eight operators is quite suppressed, the next order in the 1/Λ expansion may
have a larger contribution for a new physics scale not very far from the energy probed by
the experiment.

3.2 AZ production

The dimension-eight operator contributes both to the production of longitudinally and
transversally polarized Z boson,

2# (MSMM∗
dim8) (ff̄ → ATZL)/fb = e4NcQv2

CB̃W

Λ4

(
2QT3sw2 − T 2

3

)

2cw3sw3
s (62)

2# (MSMM∗
dim8) (ff̄ → ATZT )/fb = e4NcQv2

CB̃W

Λ4

(
2QT3sw2 − T 2

3

)

2cw3sw3
M2

Z . (63)

However, there are no new physics contributions to all the possible combination of transver-
sally polarized Z boson. In fact, the polarization vectors of the Z boson and the photon
have to be orthogonal to each other. At high energy, the production longitudinal Z boson
dominates. On the contrary, the SM contribution,

|MSM |2 (ff̄ → ATZL)/fb = 4e4NcQ
2
(
2Q2sw

4 − 2QT3sw
2 + T 2

3

) M2
Zs

cw2sw2
(
s−M2

Z

)2

(64)

|MSM |2 (ff̄ → ATZT )/fb = 2e4NcQ
2
(
2Q2sw

4 − 2QT3sw
2 + T 2

3

)
(
c2θ + 1

) (
M4

Z + s2
)

s2wc
2
ws

2
θ

(
s−M2

Z

)2 ,

(65)

contains mainly transversally polarized Z bosons at high energy. Contrary to the new physics
contribution, the SM one depends on the scattering angle. Namely, the bosons are produced
at small scattering angle in the SM.

For the cross-section, we have only applied a cut on the pT of the photon, i.e. pT > 10
GeV, to remove the divergence. At 200 GeV, the new physics effects are of the order of a
few fb for a new physics scale at 600 GeV,

σ(eē → ATZL)/fb = 1364 + 0.383CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 2.11 · 10−3C2
B̃W

(
1 TeV
Λ

)8

+ . . . (66)

σ(eē → ATZT )/fb = 15620 + 7.96 · 10−2CB̃W

(
1 TeV
Λ

)4

+ · · ·+ 4.53 · 10−4C2
B̃W

(
1 TeV
Λ

)8

+ . . .

(67)
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Concluding remarks
• Search for new physics through new interactions 

between known particles 

• EFT are a good way to search for heavy new 
physics

• More predictive 
• Satisfy unitarity 
• Take care of gauge invariance

• s, θ and polarizations are affected by NP
• EFT (dim-6) for gauge bosons is available in 

MadGraph (https://cp3.irmp.ucl.ac.be/projects/
madgraph/wiki/Models/EWdim6)

https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/Models/EWdim6
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/Models/EWdim6
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/Models/EWdim6
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/Models/EWdim6
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Dimension and errors

•Extra assumptions if first order does 
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